Antibody class switching occurs in mature B cells in response to antigen stimulation and costimulatory signals. It occurs by a unique type of intrachromosomal deletional recombination within special G-rich tandem repeated DNA sequences [called switch, or S, regions located upstream of each of the heavy chain constant (C H ) region genes, except Cδ]. The recombination is initiated by the B cell-specific activation-induced cytidine deaminase (AID), which deaminates cytosines in both the donor and acceptor S regions. AID activity converts several dC bases to dU bases in each S region, and the dU bases are then excised by the uracil DNA glycosylase UNG; the resulting abasic sites are nicked by apurinic/apyrimidinic endonuclease (APE). AID attacks both strands of transcriptionally active S regions, but how transcription promotes AID targeting is not entirely clear. Mismatch repair proteins are then involved in converting the resulting single-strand DNA breaks to double-strand breaks with DNA ends appropriate for end-joining recombination. Proteins required for the subsequent S-S recombination include DNA-PK, ATM, Mre11-Rad50-Nbs1, γH2AX, 53BP1, Mdc1, and XRCC4-ligase IV. These proteins are important for faithful joining of S regions, and in their absence aberrant recombination and chromosomal translocations involving S regions occur.
INTRODUCTION AND OVERVIEW
Antibody class, or isotype, is determined by the heavy chain constant (C H ) region, which is important for determining the antibody's effector function. The C H region is bound by cellsurface receptors, e.g., Fc receptors on many cell types and poly immunoglobulin (Ig) receptors on mucosal epithelial cells, and also by complement. Different C H regions have different affinities for these proteins, thus greatly influencing antibody function and determining whether antibody-antigen complexes will activate cells that help to eliminate pathogens, e.g., macrophages, NK cells, or mast cells. Also, the C H region determines whether an antibody can be transcytosed through epithelial membranes at mucosal surfaces, can diffuse into tissues, and will polymerize and thereby have a greater avidity. The C H region also influences the stability of the antibody (reviewed in 1 ). The membrane-bound forms of the various iso-types differ in their intracytoplasmic carboxy termini; the different termini result in varying abilities to associate at cell membranes with intracellular signaling proteins, although the biological roles of these differences are not yet understood (2 -4 ) .
Ig isotype switching occurs by an intrachromosomal deletional recombination event, diagrammed in Figure 1 for the mouse H chain locus. The human H chain locus is similarly organized but not identical. Class switch recombination (CSR) occurs between switch (S) regions located upstream of each of the C H regions except Cδ and results in a change from IgM and IgD expression by naive B cells to expression of one of the downstream isotypes. IgD expression occurs by alternative transcription termination/splicing of the Cμ-Cδ genes. S regions consist of tandem repeats of short G-rich sequences (20-80 bp) , which differ for each isotype, with an overall length varying from ~1 kb to 12 kb, and CSR can occur anywhere within or near the S regions (5 , 6 ) . CSR occurs by an end-joining type of recombination, rather than by homologous recombination (7 , 8 ) .
CSR and somatic hypermutation (SHM) are initiated by activation-induced cytidine deaminase (AID), which converts cytosines in S regions and Ig variable regions to uracils by deamination (9 -14 ) . Subsequent repair of the dU residues leads to single-strand DNA breaks (SSBs) that must be converted to double-strand breaks (DSBs) within the donor Sμ region and within an acceptor Sx region, to initiate the process of intrachromosomal DNA recombination. This review focuses mainly on the overall mechanism of CSR, which is discussed in the next section. Although there are interesting similarities and differences between CSR and SHM, we do not discuss them owing to space constraints. SHM is reviewed in another article in this volume by M.D. Scharff (15) . Also, we do not extensively review all the information available about AID, as this protein is extensively discussed in the Scharff article (15) and in several other reviews (16 -19 ) .
B cells undergo antibody, or Ig, class switching in vivo after immunization or infection or upon appropriate activation in culture. Engagement of the CD40 receptor on B cells by CD154 (CD40L) or, specifically for mouse B cells, the Toll-like receptor 4 (TLR4) by lipopolysaccharide (LPS), provides crucial signaling for CSR. AID expression is induced in mouse splenic B cells activated to switch in culture, and also in vivo, with especially high levels detected in germinal center (GC) B cells, which are undergoing SHM and probably CSR (9 , 20, 21 ) . Most investigations into the roles of various genes in CSR examine their effects in mouse splenic B cells induced to switch in culture. This model allows one to use the numerous mouse gene knockout models and also ensures that the effects of the genes are B cell intrinsic and not due to effects on other cell types.
CSR requires cell proliferation, appearing to require a minimum of two complete rounds of cell division for IgG and IgA CSR and perhaps additional rounds for IgE CSR (22 -25 ) . This requirement appears to be at least partly due to the requirements for induction of AID expression (25) . Transcription of AID mRNA is induced synergistically by IL-4 and CD40 signaling via induction of Stat6 and NF-κB transcription factors (26) . However, these signals are very rapid. Pax5 is also essential for AID mRNA transcription, and Pax5 binds to the AID promoter in LPS+IL-4-treated splenic B cells (27) . Most interestingly, binding of Pax5 to the AID promoter is not detected until two days after addition of the activators, suggesting that the kinetics of Pax5 binding might be important for explaining the requirement for cell division for AID induction. Furthermore, AID function is regulated by active export from the nucleus (28 -30 ) , which might also contribute to the delay in CSR.
Naive B cells have the potential to switch to any isotype, and cytokines secreted by T cells and other cells direct the isotype switch (reviewed in 7, 31, 32 ) . Although there is more to be discovered, the predominant mechanism for regulating isotype specificity is by regulation of transcription through S regions, and only transcriptionally active S regions undergo CSR. The regulation of isotype specificity is further discussed in the section on "Regulation of Switching." Purified recombinant AID converts dC to dU nucleotides in single-stranded (ss) DNA and in supercoiled transcribed plasmids (12 -16, 18, 44-46 ) . It is clear that ssDNA but not dsDNA is the AID substrate. When transcribed duplex DNA substrates are used in vitro or in Escherichia coli, the nontranscribed strand (top strand if the DNA sequence is oriented with the 5′ side to the left) is preferentially targeted. This may be because the nontranscribed strand in these substrates is single-stranded at the small bubble formed by RNA polymerase, whereas the transcribed strand is transiently hydrogen bonded to RNA (12 , 14, 44, 47 ) . However, both strands can be targeted by AID in vitro in transcribed supercoiled plasmid DNA, presumably because single-strand extrusions can occur in super-coiled plasmids (45 , 46 ) . It is clear that in B cells, dC on both transcribed and nontranscribed strands is equally mutated in proportion to its distribution in V genes and S regions, indicating that AID attacks both strands (48 -50 ) .
AID preferentially, but not exclusively, deaminates the underlined dC in WRC(W = A or T, R = purine, Y = pyrimidine), the AID hotspot target (51 -53 ) , in transcribed targets in vitro (54) , in oligonucleotide substrates (55) , and in vivo (50) . S regions contain numerous AID hotspot targets. However, experiments using purified recombinant AID and plasmid DNA substrates suggest that AID is highly processive (14 , 45, 54 ) , and in this process AID deaminates many dC nucleotides that are not in WRC motifs. Furthermore, studies in ung −/− msh2 −/− B cells, in which the initial AID-induced lesions cannot be repaired and thus can be examined, also suggest that AID acts processively across S regions in vivo (50) .
The regulation of AID function is just beginning to be studied. AID is phosphorylated by protein kinase A at S38 and T27, and alanine mutations at either of these sites nearly eliminate the ability of AID to initiate CSR when retrovirally transduced into aid −/− splenic B cells (56 , 57, 58 ) . Phosphorylation by protein kinase A is required for binding of AID by replication protein A, which enables AID to deaminate transcribed duplex DNA. Replication protein A appears to increase the interaction of AID with DNA. Another very interesting but not understood discovery about AID is that the C-terminal 10 amino acids of AID are required for CSR but not for SHM (59 , 60 ) . The C terminus may be required for interaction with a protein essential for CSR but not for SHM.
UNG-Removal of the dU residues by enzymes within the BER pathway is required to introduce the DNA breaks necessary for CSR (11 , 21, 38 ) . BER consists of highly active ubiquitous DNA repair pathways for repairing oxidized and deaminated bases, which are generated more than 10 4 times per cell per day by oxidation, especially during inflammation, and by spontaneous hydrolysis (61) . There are four mammalian uracil DNA glycosylases in the BER pathway (i.e., enzymes that excise dU bases), UNG, SMUG1, MBD4, and TDG. CSR is reduced by 95% in B cells from UNG-deficient mice and in patients that have deleterious mutations in UNG (21 , 38, 62 ) . Furthermore, S region DSBs are also greatly reduced in ung −/− mouse splenic B cells induced to undergo CSR (21) . Thus, it is reasonable to conclude that UNG is the uracil DNA glycosylase that excises the dU residue created by AID activity. Two other uracil glycosylases (MBD4 and SMUG1) appear to have no role in CSR (38 , 63 ) . However, when SMUG1 is greatly overexpressed by retroviral transduction, it can support a limited amount of CSR in ung −/− cells, although in the presence of UNG, SMUG1 actually inhibits CSR (64) . These data suggest that UNG may be specifically recruited to sites of AID activity and perhaps has a unique property that makes it the preferred uracil DNA glycosylase for generation of the DNA breaks required for CSR.
Apurinic/apyrimidinic endonuclease (AP endonuclease/APE)-The BER enzyme that repairs the abasic sites left by UNG activity is APE, which incises the phosphate backbone of DNA at abasic sites, producing SSBs (61). In mammals, there are three enzymes with AP endonuclease activity, APE1 and APE2, which share homology (65) , and a very different, recently discovered enzyme, PALF/APLF/XIP-1 (66 -68 ) . The main AP endonuclease known to be involved in BER is APE1. APE1 endonuclease activity is essential for early embryonic development and for viability of human cell lines (69 , 70 ) . Much less is known about APE2, which is encoded on the X chromosome. APE2-deficient mice show a slight growth defect and have a twofold reduction of white blood cells in the periphery, mainly affecting T and B cells (71) . Enzyme assays using abasic site-containing oligonucleotide substrates showed that purified recombinant human APE2 has weaker AP endonuclease activity than APE1 (65 , 72, 73 ) .
Examination of APE1-and/or APE2-deficient mouse splenic B cells activated to switch in culture demonstrated that both of these enzymes contribute to CSR (74) . Because APE1 is an essential gene, the investigators used ape1 +/− mice, which have DNA repair defects (75 , 76 ) , although the phenotype was probably less severe than if ape1 −/− mice could have been studied. Splenic B cells from mice deficient for APE2 and heterozygous for APE1 switch 60%-80% as well as wild-type B cells, depending on the isotype, and have very few S region DSBs, almost as few as in aid −/− cells, which have approximately 10% of wild-type (77) . These cells divide in culture as well as wild-type cells, so the reduced CSR is not due to poor proliferation (74) . Although CSR is modestly reduced, the much greater reduction in Sμ DSBs suggests that Sμ DSBs are not limiting for CSR.
In wild-type cells, AID-dependent blunt and staggered DSBs in the Sμ region occur preferentially at G:C bp and at AID hotspot targets, with p values for blunt DSBs ≤ 0.002 relative to random (21 , 74 ) . This indicates that SSBs and DSBs occur at the dC nucleotides that are targeted by AID, as predicted by the DNA-deamination model (Figure 2a) . In aid −/− or ung −/− or APE-deficient cells, DSBs do not specifically occur at AID hotspot targets, although B cells deficient in only one of the APEs maintain some specificity for AID targets (21 , 74 ) . These data suggest that APE1 and APE2 both serve as endonucleases to incise abasic sites introduced by AID and UNG. However, whether the third AP endonuclease PALF/APLF/ XIP-1 also has a role is unknown.
DNA polymerase β (Pol β)-In the canonical BER pathway, the single-nucleotide gap generated by the action of UNG and APE is filled in by DNA polymerase β (Pol β) (78 , 79 ) . A multiprotein complex that can perform BER and that contains UNG2 (nuclear form of UNG), APE1, Pol β, replicative DNA polymerases δ and ε, XRCC1, and DNA ligase I has been isolated from both proliferating and growth-arrested HeLa cells and also from human peripheral blood lymphocytes (80 , 81 ) . Furthermore, physical interactions among BER enzymes increase repair efficiency (82 -84 ) . These findings suggest that BER will proceed to completion once it is initiated by UNG. Therefore, Pol β activity could reduce SSBs and therefore reduce CSR.
Hence, an intriguing question arises as to how S region breaks are spared from faithful repair. One appealing hypothesis is that BER components downstream of UNG and APE might be downregulated in cells undergoing CSR or specifically prevented from accessing S region lesions. As Pol β is recruited by APE1 (78), the levels of Pol β or its activity may be inhibited during CSR, or APE2 may not recruit Pol β, which could explain why APE2 is used for CSR. Alternatively, the introduction of numerous S region lesions may overwhelm the BER machinery, although BER activity is not inhibited during CSR. A recent report supports the second alternative (85) . Pol β levels were increased in nuclear extracts from mouse splenic B cells induced to undergo CSR, and chromatin immunoprecipitation showed that Pol β associates specifically with the Sμ region, but not with Cμ or Cα genes, in switching B cells.
Although Pol β-deficient mice die in utero, one can obtain polβ −/− splenic B cells by transfer of polβ −/− fetal liver cells into irradiated wild-type mice. Using polβ −/− and polβ +/+ splenic B cells obtained by fetal liver transfer, investigators found that polβ −/− cells actually show modestly increased CSR (1.5-to 1.7-fold) to a subset of isotypes (IgG2a, IgG2b, and IgG3) relative to polβ +/+ controls. Furthermore, LM-PCR experiments showed that polβ −/− cells have a two-to threefold increase in Sμ and Sγ3 DSBs and a twofold increase in mutations in the germline (GL) Sμ and recombined Sμ segments. These data indicate that Pol β indeed functions to accurately repair AID-instigated SSBs but cannot repair them all, and the authors hypothesize that Pol β only inhibits switching when SSBs are limiting (85) .
If B cells were to downregulate BER during CSR, this could be dangerous, given the great amount of reactive oxygen species produced during B cell activation and proliferation (86) . Therefore, it is plausible that instead a mechanism is adopted that endows S regions with such numerous AID targets that the ability of BER to repair them is overwhelmed, rather than abrogating overall BER ability and thus jeopardizing the integrity of the B cell genome. Consistent with this hypothesis is the finding that, in ung −/− msh2 −/− B cells, AID introduces many more lesions into the Sμ region than result in mutations in wild-type cells, most likely because they are correctly repaired in wild-type cells (50) . Furthermore, recent experiments show that artificially introduced I-SceI sites in Sμ and Sγ1 regions mediate CSR to IgG1. These experiments suggest that only a single DSB in the donor and acceptor S region is sufficient for CSR (87) . Introduction of numerous dU residues increases the likelihood of DSBs occurring in the donor and acceptor S regions simultaneously. In conclusion, Pol β may function normally during CSR to repair AID-initiated DNA lesions, but the numerous AID lesions overwhelm it, and thus some breaks remain unrepaired.
Role of mismatch repair in CSR: to convert SSBs to DSBs-A second repair pathway, mismatch repair (MMR), contributes to CSR but is not essential. The major role of MMR in all cells is to correct misincorporated nucleotides during DNA synthesis (88) . This process involves recognition of the mismatch by a heterodimer of Msh2--Msh6 (for nucleotide substitutions and small loops) or Msh2-Msh3 (for larger loops), followed by recruitment of the Mlh1-Pms2 heterodimer (88) . The combined heterotetramer recruits replication factor C, the processivity factor proliferating cell nuclear antigen (PCNA), and Exonuclease1 (Exo1) to a nearby nick, and together they excise the single-strand segment containing the mutated nucleotide (89 , 90 ) . The excised single-strand patch can be hundreds of nucleotides long in vitro, but the length in vivo is unknown. MMR specifically repairs the newly synthesized DNA strand, probably because of its predilection to excise and resynthesize the nicked DNA strand (91) . In mice that lack one of the MMR genes (Msh2, Msh6, Mlh1, Pms2, or Exo1), CSR is reduced by two-to sevenfold, depending on the gene and the Ig isotype (92 -98 ) .
The most attractive model for the role of MMR during CSR is to convert SSBs that are not near each other on the opposite DNA strands to DSBs (77 , 99 ) . If the SSBs that are introduced by AID-UNG-APE are near each other on opposite DNA strands, they can spontaneously form a DSB, but if not, the SSBs do not destabilize the duplex and are simply repaired. As S regions are large and the breaks appear to occur anywhere within S regions (5 , 6, 21 ) , it seems unlikely that the SSBs would be sufficiently proximal to form a DSB most of the time. MMR could convert these distal SSBs to the DSBs that are required for CSR. Figure 2b presents a model for how MMR could do this (99) . Msh2-Msh6 can recognize and bind U:G mismatches created by AID activity (100). Mlh1-Pms2 would be recruited and Exo1 would excise from the nearest 5′ SSB created by AID-UNG-APE activity toward the mismatched dU:dG. Exo1 is hypothesized to continue past the mismatch until it reaches a SSB on the other strand, thus creating a DSB.
Several additional experimental results support this model. First, B cells in which the tandem repeats of Sμ have been deleted (SμTR −/− ), which thus have very few AID hotspot targets, only show a ~twofold reduction in CSR (101) . However, in these B cells, CSR is nearly ablated in the absence of Msh2 or Mlh1 (77 , 102 ; J. Eccleston, C.E. Schrader, J. Stavnezer & E. Selsing, manuscript in preparation). Second, IgG2a, the isotype with the fewest AID hotspot targets in its S region, is the isotype most dependent upon MMR (93) . Third, the great majority of S-S junctions in msh2 −/− B cells occurs within the Sμ tandem repeat region, whereas in wild-type cells they can also occur upstream of Sμ, where the AID hotspot targets are infrequent (92) . Fourth, the S-S junctions differ between wild-type and MMR-deficient B cells as to the lengths of microhomology between the donor (Sμ) and acceptor (down-stream) S regions. This suggests that MMR is involved in end processing from the sites of the SSBs, resulting in different lengths of single-stranded tails that can participate in homology search during S-S recombination (94 , 95, 98, 103 ) 
. Fifth and most importantly, LM-PCR experiments show that MMR-deficient B cells have fewer S region DSBs than do wild-type B cells (77).
End processing and mutations-After DSB formation, 5′ or 3′ single-strand overhangs remain. These tails must be either excised or filled in to create blunt, or nearly blunt, DSBs appropriate for an end-joining recombination with the other S region. The structure-specific endonuclease ERCC1-XPF excises 3′ single-strand tails at the junction with dsDNA and has a minor role in CSR (104) . MMR normally recruits PCNA and replicative DNA polymerase for fill-in synthesis of 5′ overhangs (88) . However, replicative Pol cannot replicate past an abasic site, resulting in the recruitment of error-prone translesion Pols. Msh2-Msh6 recruit the translesion Pol η (100), which is the most important translesion Pol for introducing mutations at A:T bps into V region genes and into both unrecombined (GL) Sμ and recombined S-S junction regions during CSR (105 , 106 ) . There are numerous mutations at both A:T and G:C bp in the regions surrounding S-S junctions (107 , 108, 145 ) . The mutations at G:C bp could be due to fill-in DNA synthesis across dU nucleotides by replicative Pols or across abasic sites, probably by the translesion DNA Pol θ (109 -111 ). Additionally, not all mutations in S regions are likely to be due to fill-in DNA synthesis after creation of DSBs. It is likely that sometimes the excision by Exo1 does not lead to DSBs, but instead the single-strand patch is simply repaired by translesion Pols. Also, sometimes DSBs will form that do not successfully synapse with acceptor downstream S regions and that result in internal Sμ deletions rather than S-S recombination (112 , 113 ) .
Joining of Donor and Acceptor S Regions
After formation of the DSBs in the donor and acceptor S regions, the S regions are recombined using ubiquitous proteins that perform nonhomologous end-joining (NHEJ) in all cell types. These proteins are observed within a complex visible by in situ immunofluorescence in cells that have been treated with gamma radiation to induce DSBs, which is consistent with the fact that these proteins are involved in repair of DSBs after gamma radiation as well as repair of DSBs generated during CSR. Many of these proteins are also involved in V(D)J recombination during lymphocyte development.
S-S recombination occurs by an end-joining type of recombination-DNA DSBs can be induced by ionizing radiation or during repair of oxidative damage or replication. Numerous ubiquitous repair proteins exist that rapidly repair DSBs in all cells, many of which are also involved in CSR. DSBs produced during DNA replication or during G2 phase of the cell cycle are generally repaired by homologous recombination, as there is a chromosomal homolog that can be copied. However, S region DSBs in B cells induced during CSR are generated and resolved during G1 phase (77) , and S regions lack sufficient homology to undergo homologous recombination.
Four proteins known to be essential for NHEJ, Ku70, Ku80, and the two-protein ligase complex XRCC4-ligase IV, are very important for CSR (113 -120 ) . Ku70-Ku80 binds to the DNA ends and serves as a tool belt for the end-joining reaction by recruiting enzymes that effect the recombination. Ku70-Ku80 improves the binding of XRCC4-ligase IV to DNA ends (121 -123 ) . Although Ku-deficient cells apoptose upon induction of CSR, Reina-San-Martin et al. (113) showed by CFSE staining that, at each cell division, CSR in the few viable ku80 −/− cells is nearly ablated. These investigators also increased cell viability by expressing Bcl2 from a transgene in ku80 −/− cells and again showed that CSR is nearly ablated. XRCC4 or ligase IV deficiency is incompatible with life owing to problems during brain development, although human patients with hypomorphic mutations have been described, and mice with deficiencies have been created (120 , 124, 125 ) . Mice entirely lacking XRCC4 were produced by mating xrcc4 +/− mice with p53-deficient mice, allowing survival of xrcc4 −/− mice, which have ~25% of normal levels of CSR, indicating that XRCC4 is important but not essential for CSR (125) . Also, humans with mutations in ligase IV have fewer peripheral blood cells that have undergone CSR than normal controls (119) . Examination of the S-S junctions in the xrcc4 −/− mouse B cells and in the human patients demonstrated that the S-S junctions are aberrant, as they have greatly increased lengths of junctional microhomology (119 , 125 ) . Numerous studies have shown that SS junctions in wild-type mice or normal individuals show very little microhomology, or identity, between the donor Sμ and acceptor S regions at the junction, usually 0 or 1 bp of identity (5), consistent with recombination by NHEJ. In contrast, in the xrcc4 −/− mice and human ligase IV hypomorphs, many junctions have up to 10 bp or more of identity. Taken together, the data indicate that CSR occurs by NHEJ but can also occur by an alternative type of end-joining reaction that favors the use of microhomologies. XRCC4-ligase IV in the presence of Ku70-Ku80 ligates incompatible ends, consistent with the lack of micro-homology at S-S junctions in wild-type cells (126) . It is unknown, however, whether in wild-type cells the alternative pathway is actually used.
A fundamental unanswered question regarding the joining process is whether the donor and acceptor S regions are in close proximity before AID attacks the donor (Sμ) or acceptor (downstream) S region. It is attractive to expect that they are preassociated in order to increase the likelihood of correct S-S recombination. This association could be directed to the correct S region by GL transcription. Another reasonable possibility is that the association occurs immediately after AID attacks Sμ. In situ studies suggest that the Ig loci form loops, apparently bringing the V and J genes in proximity prior to V(D)J recombination (127 , 128 ) .
Mre11-Rad50-Nbs1-Accumulating evidence indicates that this complex of three proteins (MRN complex) travels along the DNA duplex scanning for DNA breaks and that MRN binds DSBs within seconds of their formation (129 , 130 ) . However, owing to its great abundance, Ku is likely to bind DSBs even faster during CSR (see the section below, Ku70-Ku80-DNAPKcs). When a DSB is encountered, the conformation of Mre11 and Rad50 changes, resulting in unwinding the DNA ends at the break. Mre11 is a globular protein associated with the DNA, whereas Rad50 forms a long coiled-coil that at its middle abruptly reverses direction, forming a loop with a zinc hook at its apex. The hooks from two Rad50 molecules associate homotypically, and this is thought to be important for holding two DNA duplexes together at the DSB (131 , 132 ) . Once bound to a DSB, the kinase ataxia telangiectasia mutated (ATM) binds the complex via Nbs1, becomes activated, and phosphorylates several substrates, among which are Nbs1, 53BP1, p53, Chk2, and H2AX, causing a further accumulation of MRN and several other repair proteins and also activating cell-cycle checkpoints (133 -135 ) (Figure 3) . Thus, MRN is upstream of a cascade of events that function to sense the DSB, resulting in repair by end joining or by homologous recombination. Null mutations in any component of MRN are lethal, and hypomorphic mutations result in aberrant chromosomes and translocations (136) and the disease syndromes Nijmegen breakage syndrome (Nbs-1 mutations) and ataxiatelangiectasia-like disorder (Mre11 mutations), characterized by increased sensitivity to ionizing radiation and other DSB-inducing agents (137 , 138 ) .
Two groups have shown that CSR is reduced two-to threefold in cultured splenic B cells from mice in which the Nbs1 gene is inactivated by a conditional mutation (136 , 139 ) . The reduced CSR was analyzed in cells stained with CFSE, measuring switched cells at each cell division, as cell viability and proliferation are reduced in the mutant cells. Because some Nbs1 remains in the cells, these are most likely underestimates of the importance of Nbs1 for CSR. When wild-type mouse splenic B cells are treated with switch inducers in culture, the Sμ region undergoes rare translocations with the c-myc gene, which is located on a different chromosome (140 -142 ) . This translocation is AID-dependent and, most interestingly, occurs six times more frequently in Nbs1-hypomorph B cells than in wild-type B cells (140 , 143 ) .
Patients with hypomorphic mutations in Nbs1 or Mre11 also have a lower percentage of peripheral blood lymphocytes that have undergone CSR, as assayed by detection of Sμ-Sα junctions in these cells (33 , 144, 145 ) . Further evidence for the participation of Nbs1 in CSR is the demonstration by immunocytochemistry-fluorescence in situ hybridization (immuno-FISH) that Nbs1 foci colocalize with the IgH loci, but not with Igκ loci, in wild-type, but not aid −/− , splenic B cells induced to undergo CSR (43) . The finding of increased translocations with c-myc in MRN-deficient B cells suggests that the MRN complex is involved in organizing efficient and accurate S-S recombination.
Ataxia telangiectasia mutated (ATM)-ATM is a ser/thr protein kinase, a member of the phosphoinositol 3-kinase-like kinase (PIKK) family, which includes DNA-PKcs and ATR and which is involved in cell-cycle control and DNA damage responses. Upon activation by MRN, ATM accumulates at repair foci, orchestrates repair of the DSB, and initiates a cell-cycle checkpoint until repair is complete (146 , 147 ) . Recently, investigators demonstrated that V(D) J recombination is abnormal and that DSBs resulting from incomplete V(D)J recombination during lymphocyte development are maintained over several cell generations in atm −/− mice (148 -150 ). Thus, both repair and the cell-cycle checkpoints are compromised, as atm −/− lymphocytes continue to replicate despite chromosomal breaks (142 , 143 ) .
CSR is reduced about threefold at each cell division cycle in cultured atm −/− splenic B cells relative to wild-type B cells (151 , 152 ) . Also, lower titers of switched antibodies are detected in sera after immunization. However, GL transcripts are expressed at normal levels. In B cells induced to switch in culture, the Sμ region undergoes translocations with the c-myc gene eight times more frequently in atm −/− cells than in wild-type cells (143) . Thus, it seems likely that when atm −/− B cells are activated to switch, DSBs are generated as usual, are maintained longer than usual, and do not undergo normal Sμ-Sx recombination; this can result in aberrant recombinations with other chromosomes. Ataxia telangiectasia patients often have IgA and IgG deficiencies and have peripheral blood lymphocytes with fewer Sμ-Sα junctions than normal individuals, similar to patients with mutated Nbs1 or Mre11 and consistent with reduced CSR (33 , 144 ) . Thus, during CSR, ATM likely organizes the repair complex and perhaps halts the cell cycle, and it contributes to the correct positioning of DSBs together during the longrange interaction required for accurate S-S recombination. In the absence of ATM, prolonged duration of unrepaired DSBs and aberrant recombination events result in translocations.
53BP1-53BP1
was first discovered in a yeast two-hybrid screen as a protein that binds p53 (153) . 53BP1 is a transcriptional coactivator for p53, binding through its tandem Tudor domains to p53 dimethylated at lysine 370 (154) . However, this is not its only function. 53BP1 accumulates at DSBs within 2 min after ionizing radiation treatment (155) . Its initial recruitment to DSBs does not depend on any other known protein, including Nbs1, ATM, or DNA-PK (156), although its subsequent accumulation in foci does depend on γH2AX and Mdc1 (157 -159 ) . 53BP1 functions to induce phosphorylation of ATM and ATR (160) , and thus it might also increase MRN activity and MRN's accumulation at DSBs. Strikingly, CSR is reduced about 90% in cultured 53bp1 −/− splenic B cells relative to wildtype B cells, which is not due to decreased cell proliferation nor to reduced GL transcripts. Serum IgG, IgE, and IgA isotypes are reduced even more, although IgM levels are normal (161 , 162 ) . The S-S junctions are normal.
53BP1-deficient cells do not have a dramatic increase in general chromosome instability, unlike atm −/− and h2ax −/− cells, but a much higher proportion of the chromosomal aberrancies in 53bp1 −/− cells involve the IgH locus, suggesting that 53BP1 has a special role at this locus (142 , 159 ) . Another hint about the role of 53BP1 in CSR comes from the finding that there is a threefold increase in internal deletions within S regions in IgM hybridomas produced from 53bp1 −/− B cells induced to undergo CSR in culture in comparison to IgM hybridomas from wild-type mice (163) . Interestingly, these deletions are not increased in atm −/− or h2ax −/− B cells, despite the general increase in unrepaired DSBs in the genome. These results suggest that 53BP1 might also be important for bringing together, or synapsing, the donor Sμ and downstream S regions (159 , 161 ) . How 53BP1 performs this role, however, is completely unknown. This role would be consistent with the lack of a role for 53BP1 during V(D)J joining because the RAG complex itself possesses synaptic activity (161 , 162 ) .
Mammalian 53BP1 binds dimethyl-lysine 20 of histone H4 (H4-K20-me2), but not mono-or trimethyl K20, via its Tudor domains (164) . Most interestingly, 53BP1 with single amino acid mutations within the Tudor domains that prevent H4-K20-me2-binding and RNAi-mediated knockdown of PrSet7/Set8, the histone methyltransferase that monomethylates K20 (a prerequisite for the dimethylation), decrease 53BP1 foci (164) . Association of 53BP1 with irradiation-induced foci is disrupted by RNase A treatment, suggesting that there may be an RNA component involved in its binding (155) . Taken together, H4-K20-me2 may be important for recruiting 53BP1 to chromatin, perhaps to the IgH locus, although this modification would probably need to be present before induction of DSBs during CSR because 53BP1 binding to DSBs is so rapid. The GL RNA transcribed from S regions may help 53BP1 recruitment. This hypothesis requires that the H4-K20-me2 mark is associated with actively transcribed regions on the IgH locus during G1 phase, which would differ from its distribution on bulk chromatin. γH2AX (phosphorylated form of H2AX)-H2AX is a variant of histone H2A, representing about 15% of the cellular pool of H2A. It is randomly incorporated into nucleosomes (165) . Within seconds after formation of a DSB induced by ionizing radiation or by a restriction enzyme, the extended C-terminal tail of H2AX is phosphorylated by a PIKK kinase, most frequently ATM (166 , 167 ) , and this phosphorylation spreads over a region estimated to span up to a megabase surrounding the break (147 , 168 ) . In fact, the peak accumulation of γH2AX (phosphorylated H2AX) is not directly at the DSB but instead located at 8-10 kb on either side in mammals (168) . ATM also phosphorylates 53BP1, Nbs1, and Mdc1, which then all bind the phosphorylated tail of γH2AX, which serves as a docking site for these proteins. This phosphorylation results in a rapid assembly of these factors, plus Mre11, Rad50, and Brca1, into a large multiprotein complex. γH2AX is required for the accumulation of these proteins into foci near DSBs (169 , 170 ) . However, mice lacking H2AX can still repair DSBs, although with lower efficiency, and they can still induce cell-cycle checkpoints (169), probably because the initial assembly of repair proteins, including MRN, ATM, and 53BP1, does not depend on γH2AX (157).
CSR is markedly reduced in H2AX-deficient mice. In vitro CSR to IgG3 and IgG1 is reduced to ~25%-30% of wild-type, and this is not due to defective cell proliferation. The antigenspecific IgG1 response to immunization is reduced to about 30% of wild-type mice, and nonimmune serum levels of IgG1, IgG3, and IgA are all reduced to 15%-50% of wild-type (43 , 113, 142, 169 ) .
Similar to cells deficient in either ATM, 53BP1, or Mdc1 or cells having Mre11 or Nbs1 hypomorphic mutations,h2ax −/− B cells show numerous chromosome breaks and aberrant recombination events (142 , 143, 169, 171 ) . In h2ax −/− B cells induced to switch in culture, there is a greater than tenfold increase in AID-dependent chromosome breaks within the IgH locus relative to wild-type cells, resulting in separation of the V genes and 3′ end of the C H genes and translocations in metaphase chromosome spreads (142) . The breaks occur on both chromatids, indicating that they occur prior to S phase, consistent with evidence that S region DSBs are observed in G1 phase (77) . Also, foci containing γH2AX (and Nbs1) colocalize with the IgH locus in mouse splenic B cells induced to switch, in wild-type cells in the G1/early S phase of the cell cycle, but not in aid −/− cells, as detected by immuno-FISH (43) . Taken together, these data suggest that γH2AX, like MRN, Mdc1, ATM, and 53BP1, is involved in holding AID-initiated DSBs in a structure that promotes accurate synapsis between Sμ and the downstream acceptor S region and also prevents recombinations with DSBs on other chromosomes. (172 , 173 ) . Mdc1 subsequently recruits ATM to γH2AX and is required for accumulation of γH2AX at DSBs (167 , 173 ) . Without Mdc1, the initial recruitment by MRN of ATM and γH2AX occurs, but the complexes are unstable and do not form the large repair foci observed in wild-type cells. CSR in cultured mdc1 −/− B cells is only mildly reduced, to about 50%-70% of wild-type B cells (167) .
Mdc1 (mediator of DNA damage checkpoint protein 1)-Mdc1 is a mediator protein that is recruited to DSBs by binding to Nbs1 and is phosphorylated by ATM
Ku70-Ku80, DNA-PKcs-The proteins discussed above are all involved in repairing DSBs both by end joining and by homologous recombination. However, Ku70 and Ku80 are only involved in end joining and appear to prevent the use of homologies during recombination. Ku70-Ku80 binds DNA ends at DSBs and telomeres and mediates synapsis of the two DNA ends, positioning the ends to allow end processing and direct end-to-end joining (174 , 175 ) . Ku70-Ku80 forms a ring with a broad base that encircles DNA and can only dissociate at an end (176) . After binding, Ku slides away from the ends, allowing the catalytic subunit, the kinase DNA-PKcs, to bind to each end (177) . Ku binds the nuclear matrix, and this binding might localize the DSBs and telomeres to the matrix (178) . DNA-PKcs is transphosphorylated by the other DNA-PKcs bound at the other end of the DSB and also phosphorylates Ku70, Ku80, and XRCC4 (175 , 179 ) . Thus, DNA-PK appears to be acting both as an activator and scaffold during the actual ligation event. DNA-PKcs has several transautophosphorylation sites, and mutation studies demonstrate that their phosphorylation regulates the accessibility of the DNA ends to end-processing activities required for recombination (179) .
All three components of the DNA-PK holocomplex are involved in CSR, as they are essential for NHEJ, although Ku70 and Ku80 are much more important than DNA-PKcs. All three proteins are essential for V(D)J recombination, which occurs by NHEJ, so mice lacking any of these proteins do not develop B cells, unless they are supplied with transgenic (Tg) recombined heavy (H) and light (L) chain genes. Ku70-and Ku80-deficient B cells reconstituted with a Tg L chain gene and a H chain gene knocked into the endogenous locus do not have switched isotypes in their serum nor do they undergo CSR when induced to switch in culture, although they have normal levels of GL transcripts (113 , 117, 118 ) . Unlike wildtype cells, internal Sμ deletions do not occur in ku80 −/− cells (113) . These data suggest that Ku80-deficient B cells that sustain DNA breaks owing to AID activity cannot recombine these DSBs, even by internal Sμ deletions, and therefore die. This would also explain why cells with mutations in the unrecombined Sμ segment are not observed in ku80 −/− cells (113) . Although the investigators did not demonstrate that ku80 −/− cells express AID, this is highly likely. It is puzzling, however, that transition mutations that result from dU bases being replicated prior to UNG and APE activity, which would not lead to DNA breaks, were not observed in the GL Sμ. Perhaps Sμ regions with dU bases also have UNG-APE induced DNA breaks, resulting in death of these Ku-deficient cells.
It is surprising that Ku is essential for CSR, although XRCC4 is not, given the evidence that CSR can occur by an alternative end-joining pathway. This suggests that Ku might have another function and perhaps even function in the alternative pathway. Also, Ku appears to be more important than MRN for CSR. Ku is one of the most abundant nuclear proteins (~4 × 10 5 molecules per cell) and has a very high affinity for DNA ends (5 × 10 −10 ) (174). Thus, it might bind prior to MRN. Perhaps MRN is more important for recruiting additional proteins involved in chromatin accessibility and perhaps for cell-cycle regulation, whereas Ku is bound at the ends, positioning them precisely for recombination and for end processing by nucleases and polymerases and for recruiting XRCC4-DNA ligase-IV (121 , 122 ) . It is interesting that Ku is required for V(D)J recombination, but MRN is not, suggesting that the synaptic activity of RAG cannot replace the role of Ku but can replace MRN.
By contrast, DNA-PKcs is not essential for CSR, and its importance is controversial, with different results obtained by three different groups. DNA-PKcs deletion was reported to eliminate CSR in cultured B cells to every isotype except IgG1 (180 , 181 ) . Two groups (182 , 183 ) studied B cells from scid mice, which have a deletion in the DNAPKcs gene resulting in loss of the C-terminal 83 amino acids, in barely detectable protein levels, and in no detectable kinase activity. These two groups found a smaller reduction in CSR. It was reduced to 25%-50% of wild-type for all isotypes in the study by Cook et al. (183) , but CSR occurred at 50%-100% of wild-type, depending on the isotype, in the Bosma et al. (182) study. There was no difference in proliferation between the wild-type and DNA-PKcs-deficient B cells induced to switch, but there was more cell death in the mutant cell cultures (183) . It is difficult to reconcile the different results among the three groups, except that Manis et al. (180 , 181 ) studied mice with no DNA-PKcs, whereas the Bosma (182) and Cook (183) groups studied scid mice, suggesting that the tiny amount of protein present that lacks kinase activity has some function, perhaps as a scaffolding protein. The differences in CSR between the scid mice studied by the two groups might be due to different amounts of back-crossing, as B cells from different mouse strains have different abilities to switch (184) .
The role of DNA-PKcs in V(D)J recombination appears to be to stimulate the hairpin cutting activity of Artemis (185), which is consistent with its importance for joining the coding ends but not the signal ends. As CSR does not involve hairpin ends, and Artemis appears to have no role in CSR (181), DNA-PKcs must have another role in CSR. This may involve its ability to regulate end processing, which may help recombination at some S-S junctions and possibly involves its ability to phosphorylate other proteins (174) .
REGULATION OF SWITCHING Germline (GL) Transcripts
As described above, CD40 and/or TLR stimulation provides essential activation for B cells to undergo CSR. Additionally, cytokines produced by T helper cells and dendritic cells determine the isotype to which B cells will switch by inducing transcription from GL promoters located upstream, i.e., 5′ to each acceptor S region. The resulting GL transcripts do not encode proteins and are therefore also referred to as sterile RNAs. Figure 1 shows the transcription unit and splicing diagram for an example, GL α RNA. The exon located 5′ to the S region is called the I exon. Each GL transcript has a similar transcription and splicing pattern (31) . There is also a similar GL Sμ RNA, initiating near the μ intron enhancer. Gene-targeting experiments in which a single I exon and/or promoter for a specific GL transcript is deleted showed that GL transcription of the acceptor S region is required for CSR to that isotype and that the GL transcription only functions in cis, i.e., not on the other chromosome (186 , 187 ) . Surprisingly, deletion of the GL γ1 exon splice donor also prevents IgG1 CSR, although there is no known role for the spliced transcript (31 , 188, 189 ) . The role of splicing is an intriguing unanswered question.
GL promoters have cytokine-responsive elements within them. GL γ1 and ∈ promoters, which are induced by IL-4, have binding sites for the IL-4-induced transcriptional activator Stat6. Several promoters have binding sites for NF-κB, which is induced in response to both CD40 and TLR signaling. GL γ2b and α promoters have binding sites for Smad and Runx, two factors induced by TGF-β, which induces CSR to IgG2b and IgA. A thorough review of GL transcriptional regulation was recently published (32) .
The function of GL transcription appears to be to direct AID to a specific S region and to make the S region a suitable substrate for AID. There are at least three possible roles for GL transcription, which are not mutually exclusive. First, the substrate for AID is ssDNA, and the act of transcription creates short regions of ssDNA at the transcription bubble. In addition, RNA transcribed from S regions is G-rich and therefore can form an RNA-DNA hybrid (Rloop) with the bottom C-rich DNA strand. This hybrid formation leaves the top G-rich DNA strand single-stranded over long stretches (190 , 191 ) , thereby making the top strand a target for AID. However, as AID appears to target both top and bottom strands equally in vivo (50) , this makes the importance of R-loops unclear. Furthermore, when the Xenopus Sμ region, which is A:T rich and cannot form R-loops, is substituted into the Sγ1 locus by gene targeting, CSR is reduced only about twofold relative to a Sγ1 segment of the same length (192 , 193 ) . However, as R-loops form at both the Sμ and acceptor S regions normally, the effect of both R-loops might be to increase CSR by fourfold, which should be physiologically significant. Evidence suggests that R-loops at the Sμ region begin upstream of the tandem repeats, at a particular sequence GGGGCTGGG, which is within a zone that has a high content of G (50%) (190) , and, interestingly, S-S junctions often involve sequences 5′ to Sμ, although many also occur 5′ to this sequence (5 , 102 ) . Mice with a targeted deletion of the Sμ tandem repeats retain this sequence and have R-loops and extensive single-strand regions on the nontranscribed strand, consistent with their modest reduction in CSR efficiency (101 , 190 ) .
A likely explanation for why both the top and bottom strands are equally targeted during SHM of Ig V regions comes from the recent demonstration by Ronai et al. (194) that in human B cell lines undergoing SHM both the top and bottom V H region strands have single-strand patches averaging ~11 nucleotides in length. These single-strand patches were detected by treating fixed, permeabilized nuclei with sodium bisulfite, which deaminates dC bases within ssDNA. This group also showed that in these cell lines V regions are transcribed in both directions, and the length of the patches are consistent with being caused by the bubble that forms at the site of transcription. However, no one has shown that S regions are transcribed in both directions, and thus it is not known if this explains why the top and bottom S region strands are equally targeted by AID. Ronai et al. (194) found that if they first deproteinized the V region DNA they could not detect the single-strand patches, and thus far experiments to detect single-strand patches in S regions have always used deproteinized DNA. Thus, undetected single-strand patches may exist on both strands at S regions. However, the putative antisense transcripts would not be G-rich and therefore should not form R-loops.
The second likely role for GL transcription is to recruit AID. AID co-immunoprecipitates with RNA polymerase II in splenic B cells undergoing CSR (195) . This hypothesis is also supported by the finding that AID-induced dU lesions are found in a region beginning ~150 bp 3′ to the GL RNA initiation site and extending over several kb downstream, with more mutations near the 5′ end of the S regions and fewer at the 3′ ends (50) . Thus, investigators have proposed that AID is recruited to RNA Pol II either at the initiation phase of transcription or when it switches to the elongation phase at ~150 bp 3′ to the initiation site (18 , 19, 49 ) . AID may leave the transcription complex stochastically as it progresses through the S region.
A third possible role is that transcription can alter histone modification of the transcribed region, which might make the DNA more accessible to AID (196 -198 ) . Transcription clearly does alter chromatin accessibility, but whether the histone modifications affect AID binding has not yet been shown.
Roles of IgH Intron Enhancer and 3′ Enhancers
There are two enhancer regions in the IgH locus. The μ intron enhancer is located 3′ to J H 4 and just 5′ to the Sμ region and is essential during B cell development for normal V(D)J recombination. Consistent with the fact that the Iμ promoter lies within the enhancer core, deletion of the enhancer core reduces CSR on that allele by about twofold (199) . As neither GL Sμ transcription nor DJ transcription is eliminated, this might explain why CSR, albeit at a reduced frequency, still occurs. There are matrix attachment regions located 5′ and 3′ to the core enhancer, but this same study found no role for the matrix attachment regions in CSR.
A second set of enhancers is located 3′ to the Cα gene in mouse and 3′ to each of the two Cα genes in human. The mouse 3′ IgH enhancers are spread over 30 kb and contain four DNase hypersensitive regions, termed (from 5′ to 3′) hs3A, hs1,2, hs3B, and hs4. Although the entire 30-kb enhancer region has not been successfully deleted, various segments have been deleted by gene targeting using Cre-mediated deletion after insertion of loxP sites. Deletion of hs3A or hs1,2 has no effect on CSR (200) ; however, combined deletion of hs3B and hs4 greatly reduces CSR to all isotypes except IgG1 (201) . Neither hs3B nor hs4 has been individually deleted. The hs3B-hs4 deletion eliminates GL transcripts (except for GLγ 1 RNA). Thus far, the only known role for hs3B-hs4 during CSR is to enhance GL transcription. The levels of Ig μ mRNA are also reduced in these mice. Further evidence that the role of the 3′ IgH enhancer is to stimulate GL transcription was provided by transient transfection experiments in which a DNA segment containing all four human 3′ DNase-hypersensitive sites was found to stimulate human GL γ3 RNA promoter activity (202) . There is some evidence from transgene experiments that the region just 5′ to Sγ1 has enhancer activity for GL γ1 RNA, perhaps explaining the independence of IgG1 and GLγ1 transcripts from hs3B-hs4 (203 , 204 ) .
As the hs3B-hs4 enhancers are located far downstream from the GL promoters, their ability to stimulate GL transcription likely involves formation of a loop between the 3′ IgH enhancers and GL promoters (32) . This might involve complex formation between transcriptionactivating factors bound to the enhancers and promoters, as has been demonstrated between the T cell receptor Dβ promoter and the 3′ T cell receptor β enhancer (205) . This complex would most likely recruit histone acetylases and other chromatin modifiers to increase accessibility of the promoters to RNA polymerase and also position the donor and acceptor S regions near each other. Direct evidence for the existence of loops between the 3′ IgH enhancers and the DNA segments containing the promoters for specific GL transcripts in splenic B cells under conditions that induce CSR to that specific isotype has recently been obtained using the chromo-some conformation capture technique (206) . Most interestingly, the loops depend on the hs3B-hs4 enhancer segment and are reduced in aid −/− cells. It will be very interesting and important to determine which sequences and proteins are involved.
Regulation of Isotype Specificity by S Regions
Although GL transcription is clearly essential for CSR, a few reports suggest that iso-type specificity is also regulated by the S region sequence. The evidence for this was obtained by using transiently transfected plasmid switch substrates (207) . The acceptor S region isotype determines whether the plasmid will switch in particular B cell lines or in splenic B cells activated under conditions that induce CSR on the chromosome to specific isotypes. For example, plasmids containing an acceptor Sγ1 or Sγ3 sequence will not switch in two different B cell lines that switch on their endogenous chromosome to IgA, but not to IgG1 or IgG3. However, plasmids with acceptor Sα sequences will undergo Sμ-Sα recombination in these cell lines. Likewise, a plasmid with the Sγ1 acceptor S region will undergo Sμ-Sγ1 recombination in splenic B cells treated with LPS+IL-4, which induces IgG1 CSR on the chromosome, but not if the B cells are treated with LPS alone, which induces IgG3 but not IgG1 CSR. Likewise, the plasmid with an Sγ3 acceptor S region will undergo CSR in B cells induced with LPS, but not if the cells are treated with LPS+IL-4. Kenter et al. (208) also showed that mutations of 3 bp within a repeat unit of the Sγ1 sequence to the sequence found in Sγ3 allowed the plasmid to switch in the absence of IL-4, further supporting the hypothesis that isotype specificity is also controlled by switch sequences. The element that was mutated is part of a NF-κB binding motif, which therefore might be involved in determining the isotype specificity. It was not determined whether the mutations affected transcription across the plasmid S regions, although there are no Ig isotype-specific promoters in these plasmids, so this is an unlikely explanation.
Another example of isotype specific regulation by a S region comes from the finding that plasmid Sμ-Sα recombination in cell lines and splenic B cells can be stimulated threefold and tenfold, respectively, by the histone methyltransferase Suv39h1, which trimethylates histone H3 on lysine 9. Suv39h1 does not stimulate switch recombination in plasmids with any other acceptor S region (209) . Mice deficient in Suv39h1 show a 50% reduction in chromosomal CSR to IgA, but to no other isotype. This reduction is not accompanied by a reduction in GL α transcripts, suggesting that the Sα sequence itself is responding to Suv39h1. The Suv39h1 target in these switching cells is unknown. Furthermore, the K9-trimethyl mark is repressive and is usually found on heterochromatin associated with centromeres, making the stimulatory role of Suv39h1 on IgA switching even more puzzling. Taken together, these two sets of results suggest that isotype specificity is not regulated solely by GL transcription but is also regulated by S region sequences by an unknown mechanism.
ISOTYPE SWITCHING OCCURS PRIOR TO GERMINAL CENTER (GC) FORMATION, AND PERHAPS ALSO IN GCs
The GC provides a unique environment that allows rapid proliferation of cells despite sustaining DNA damage initiated by AID activity. Bcl-6 is upregulated in GC cells and is required for GC formation (210 , 211 ) . Ranuncolo et al. (212) suggest that GC centrob-lasts are uniquely able to withstand the DNA damage caused by AID because of the repression of the ATR damage-sensing pathway by Bcl-6. Protection from cell death in GC cells had previously been thought to be due to the downregulation of p53 by Bcl-6, as demonstrated in Ramos cells (213) , but Ranuncolo et al. (212) found that primary human centroblasts express p53 and that its expression is not affected by downregulation or inhibition of Bcl-6.
Although both isotype-switched cells and high levels of AID are found in GCs, class switching clearly can occur very early after antigen exposure, prior to GC formation. By adoptive transfer of B cell receptor Tg B cells and carrier-specific Tg CD4 T cells into normal recipients, Pape et al. (214) were able to visualize very early stages in the antibody response, tracking the B cells with anti-idiotype antibody. Tg + isotype-switched B cells (IgG2a + ) appeared in splenic B cell follicles as early as two days after immunization with cognate antigen and peaked on days 3 and 4, prior to formation of GCs. The B cells had divided at least three times and appeared to have migrated away from the Tg T cells. Their appearance was antigen-and T celldependent. By day 4, progeny of the Tg + IgG2a + follicular B cells could be found in the outer edges of the periarteriolar lymphoid sheath near the red pulp, in the marginal zone, and in preGCs. By day 10, GCs contained PNA + IgG2a + Tg B cells that showed evidence of many cell divisions. IgM + Tg B cells were abundant in follicles and the marginal zone at this time but were not in GCs. As only IgG2a + Tg B cells were found in GCs, this suggests that CSR does not occur in GCs in this model, but instead occurs prior to GC formation. In another model, normal mice infected with attenuated Salmonella typhimurium also showed very rapid (day 4) T-dependent IgG2a isotype switching, occurring much before GC formation (215) . Also, AID is expressed in large proliferating B cells in the extrafollicular areas of human tonsil and lymph node (216) . However, Kolar et al. (217) have recently suggested that a population that expresses IgD + CD38 − CD23 − FSC hi CD71 + in human tonsil may be the initial GC cell to express AID. V region mutation frequency places these cells between naive and GC cells. This finding is consistent with previous assumptions that CSR also occurs in GCs.
CSR can also occur independently of T cell help. B cell activating factor (BAFF) can synergize with IL-4 to induce AID expression in CD40 −/− B cells in culture (218) . Near normal levels of gut IgA were detected in CD40 −/− mice despite a lack of GCs (219) . The site where this Tindependent IgA switching occurred was not identified in this study, although the authors excluded the gut-associated lymphoid tissue (GALT), the lamina propria, and the peritoneal cavity. Mucosal epithelial cells lining the crypts of human tonsils can support class switching through the production of BAFF and IL-10 upon TLR stimulation. These epithelial cells also secrete thymic stromal lymphopoietin (TSLP), which stimulates production of BAFF by dendritic cells (220 , 221 ) . Furthermore, CSR is detectable in pre-B and immature B cells isolated from bone marrow, as assayed by AID expression, detection of transcripts from excised DNA circles owing to S-S recombination, and detection of postswitch (Iμ-Cx) transcripts (222 , 223 ) . AID expression, circle transcripts, and postswitch transcripts were also observed in developing B cells from nude mice, further indicating T cell independence. The expression of AID in both wild-type and nude mice depends on B cell receptor signaling through Bruton's agammaglobulinemia tyro-sine kinase (BTK) in immature B cells and on TLR signaling in both pre-B and immature B cells (222) .
REMAINING QUESTIONS
Numerous interesting questions remain in the field of CSR. For example, how does AID target the V and S regions specifically? CSR and SHM do not appear to occur simultaneously in a cell. Why not? What determines whether a cell will undergo CSR or instead undergo SHM? What proteins does AID interact with? Most interestingly, what is the role of the C terminus of AID? Why is UNG required for CSR, i.e., why do other uracil DNA glycosylases not substitute? Why is APE2 used to create SSBs in S regions, in addition to APE1? Is another AP endonuclease also involved? How is synapsis of two distal S regions achieved? What is the contribution of S region sequence to isotype specificity? What is the role of 53BP1? Does 53BP1 bind specifically to the IgH locus? If so, does it require a specific histone modification, and is this modification specific to the IgH locus? How is this regulated? Does the binding require GL transcripts? Why is Ku70-Ku80 essential for CSR but XRCC4-ligase IV is not? Is the ability of Ku to bind nuclear matrix important for CSR? Many very interesting questions are approachable with current techniques and will be addressed in the near future, thus promising much excitement for this field in the coming years.
Glossary
CSR, class switch recombination SHM (somatic hypermutation), the process that introduces mostly single-nucleotide mutations into the variable regions of antibodies after antigen activation during infection or after immunization AID, activation-induced cytidine deaminase GC (germinal centers), highly dividing B cells undergoing SHM that form in B cell follicles in spleen and lymph nodes during a T cell-dependent immune response BER (base excision repair), a ubiquitous repair pathway that repairs damaged DNA bases UNG, one of four mammalian uracil DNA glycosylases APE (APE1 and APE2), apurinic/apyrimidinic endonuclease, incises DNA at abasic sites MMR (mismatch repair), a ubiquitous repair pathway that corrects DNA synthesis errors, including mismatches and deletions/insertions ATM (ataxia telangiectasia mutated), a phosphoinositol 3-kinase-like kinase, which is mutated in the human syndrome Ataxia telangiectasia RAGs (recombination-activating genes), initiate and are required for V(D)J recombination R-loops, RNA-DNA hybrids that form cotranscriptionally if the DNA is highly G-rich, which results in extensive single-strand regions on the G-rich DNA strand
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We thank Drs. Katheryn Meek for helpful information on DNA-PK and Amy Kenter for her manuscript in press. We acknowledge support by NIH to J.S. (RO1AI23283, RO1 AI63026, R21AI62738) and to C. Diagrams of (a) model for generation of DNA breaks, mutations, and translocations in IgS regions by AID-UNG-APE and (b) model for conversion of SSBs to DSBs by mismatch repair. (a) AID deaminates dC, resulting in dU bases, which are excised by one of the uracil DNA glycosylases, UNG. Abasic sites are cut by AP-endonuclease (APE1 and APE2) (74) , creating SSBs that can spontaneously form DSBs if they are near each other on opposite DNA strands, or, if not, mismatch repair activity converts them to DSBs (see b). Alternatively, DNA Pol β can correctly repair the nick, preventing CSR, or error-prone translesion polymerases can repair the nick but introduce mutations. Finally, the DNA breaks can lead to aberrant recombinations/ translocations. (b) AID is hypothesized to introduce several dU residues in S regions during one cell cycle. Some of the dU residues are excised by UNG, and some of the abasic sites are nicked by APE. The U:G mismatches that remain would be substrates for Msh2--Msh6 (100). Msh2--Msh6, along with Mlh1-Pms2, recruit Exo1 (and accessory proteins) to a nearby 5′ nick, from where Exo1 begins to excise toward the mismatch (90 , 91 ) , creating a DSB with a 5′ single-strand overhang, which can be filled in by DNA polymerase. Fill-in synthesis is probably performed by translesion polymerases owing to the presence of abasic sites. Alternatively, the overhang is removed by a 5′ flap endonuclease (Fen1) or by Exo1. Proteins that bind to DSBs that are involved in CSR. The evidence supporting this diagram is discussed in the text. DNA-PK, which consists of Ku70-Ku80 and DNA-PKcs, most likely binds DSB ends first. Mre11-Rad50-Nbs1 (MRN) probably binds next, perhaps helping to hold the DNA ends together, and MRN recruits and activates ATM (ataxia telangiectasia mutated), which phosphorylates H2AX, 53BP1, and Mdc1, resulting in accumulation of large amounts of these proteins and MRN around the DSB sites. After the DNA ends are brought sufficiently near by activities of these other proteins, DNA-PK can hold the DNA ends in the correct position for recombination. These proteins are all important for correct S-S recombination, and they inhibit aberrant recombinations and translocations. ATM also phosphorylates proteins that regulate the cell cycle and induce apoptosis, but nothing is known about how important this is during CSR.
